Purpose: The aim was to determine the distribution and associated factors of accommodative amplitude (AA) in six-to 12-year-old children and compare the results with those calculated using Hofstetter's formula. Methods: In a cross-sectional study in 2015, random sampling was done from urban and rural populations of Shahroud, northern Iran. Participating schoolchildren were examined for manifest, cycloplegic and subjective refraction, as well as uncorrected vision and visual acuity. The AA was measured with Donders' push-up method using a ruler. The near point of convergence (NPC) was also measured. Results: Of the 6,624 selected children, 5,620 participated in the study and after applying the exclusion criteria, the final analyses were done on data from 5,444 schoolchildren. The mean age of the final sample was 9.24 AE 1.71 years (from six to 12 years) and 53.6 per cent (n = 2,919) were boys. Conclusion: The differences among groups with different types of refractive error and high AA in children with myopia are important findings of this study. The results of the present study suggest that Hofstetter's formula provides inaccurate AA estimates in children and thus, the interpretation of this index requires further population-based studies in different racial and ethnic groups.
Accommodative amplitude (AA) is the maximum amount of accommodation achievable by the visual system and is one of the important visual functions commonly assessed during routine clinical examinations to evaluate accommodative status. 1 This index is of particular importance in the diagnosis of accommodative insufficiency (AI). According to the literature, reduced AA is the most commonly used and sometimes the only parameter used by practitioners to diagnose AI, 2 which is one of the most common accommodative anomalies and which is basically defined as the AA being less than the ageexpected value in non-presbyopic eyes and has a considerable prevalence in children. 3 The prevalence of AI in children, as reported in various studies, can range from 2.0 to 61.7 per cent, depending on the studied population and diagnostic criteria. [4] [5] [6] [7] [8] Given the importance of accommodation mechanism in close viewing distances, AI is associated with multiple near vision-related symptoms, such as blurred vision, diplopia, headaches, a pulling sensation around the eyes, ocular fatigue, loss of concentration, as well as avoiding reading and other near visual activities. 9 Therefore, this disorder is known as a serious obstacle in children's learning processes. 10 The relation between AI and learning problems as well as impaired academic performance has been reported in previous studies, which highlight the importance of identifying and treating this anomaly in this age group. 10, 11 Accommodative amplitude interpretation requires information about normal values of this index in various age groups, including children, to compare the measured AA with age-expected normal values and to make a correct judgment about the AA being sufficient or not for a given person. In this regard, the normal AA values suggested in 1864 by Donders 12 (130 subjects aged 10 to 80 years) and in 1912 by Duane 13 (4, 200 The diagnostic criterion for AI by Morgan is an AA of 2.00 D or more below the mean calculated AA using Hofstetter's formula. 15 The more conservative criterion presented by Daum is 2.00 D below the AA derived from the formula for minimum AA. 16 It should be noted that in spite of the long history and common application of Hofstetter's formulae for the interpretation of AA data and diagnosis of AI, certain points challenge their use, especially in younger ages. First, the details of the methodology, studied population (gender distribution, inclusion and exclusion criteria) and the number of measurements were not clearly stated in the two studies by Duane and Donders and this information is essential for interpretation of AA measurements. Second, there are very few studies on the accuracy of Hofstetter's equations for arriving at true estimates and they lack solid scientific evidence to support them. 17 Third, Hofstetter's equations assume AA variation to be linear with 0.3 D reduction in AA per year of age. 17 This is while Wold 18 and Eames 19 have shown a sigmoidal pattern for AA variations in children and not a linear one. On the other hand, Duane's original data (from which Hofstetter's formulae are derived) comes from a very small sample (35 eyes) of persons under 12 years of age 13 and this further questions the credibility of Hofstetter's formulae for the interpretation of AA in children under 12. In light of these limitations and importance of AA assessment in children, in this study we aim to assess AA in a large sample of six-to 12-year-old Iranian children and compare measured values with calculated values using Hofstetter's equations. The findings of this study can improve our interpretation of AA and the diagnosis of AI in this age group.
MATERIALS AND METHODS
In a cross-sectional study in 2015, as the first phase of Shahroud School Children Eye Cohort Study, sampling was done from children in elementary schools (first to sixth graders) of Shahroud, in the north of Iran.
Sampling method
Children were selected through stratified sampling and proportionate to the number of children in urban and rural areas. In rural areas, the total population of rural elementary schoolchildren (n = 1,214) was invited to the study. In urban areas, cluster sampling was done with unequal cluster sizes (classrooms) proportional to the number of students in each school. Schoolchildren in the urban area were in 473 classrooms and to achieve a sufficient sample, 200 classes were selected through systematic random sampling.
Parents of selected schoolchildren were interviewed to obtain their consent for their child's participation in the study. On the examination day, all schoolchildren with parental consent were transferred to the examination site free of charge. All examinations were completed in the same place.
Examinations
In the first step, non-cycloplegic autorefraction was done with the Nidek ARK-510A (Nidek, Gamagori, Japan) by an experienced technician. For children who had glasses, vision was measured with their current glasses and the prescription of their eyeglasses was checked with the Topcon LM 800 Lensometer (Topcon Corporation, Tokyo, Japan). Distance visual acuity was measured in all students using the Nidek CP-770 chart projector at a distance of three metres. Then, autorefraction results were refined using the Heine Beta 200 retinoscope (HEINE Optotechnic, Hersching, Germany) and MSD trial lenses (MSD Meniscus Trial Lenses, Busto Arsizio, Italy). At each stage, first the right eye and then the left eye were tested and recorded. The subjective refraction was performed in all students and visual acuity was recorded.
To measure the near point of accommodation, a near E Snellen chart was gradually brought closer to the child's eyes while wearing optical correction and the child was asked to look at the letters one line above the near visual acuity level, try to maintain a clear vision as far as possible and report when the letters became blurry. The distance of the point of first sustained blur was measured from the spectacle plane and was recorded as near point of accommodation (NPA). The final NPA was divided by 100 to convert NPA to AA in dioptres. For near point of convergence (NPC) measurements, the examiner used a small object (a pencil) and moved it slowly (at a rate of about one to two centimetres per second) toward the child (in the middle and toward the bridge of the nose). Trained nurses repeated the measurement and recorded the best measurements as the final NPA and NPC for each eye. The child was asked to follow the movement of the object and tell the examiner when he/she sees the object double. At this point, the distance between the object and the lateral canthus or the child's spectacle plane (if any) was measured with a long millimetre ruler and recorded as NPC.
The amplitude of accommodation and NPC were measured with full correction determined by subjective refraction. The stereoacuity was measured by Titmus Stereo Fly test (Stereo Optical Company, Chicago, Illinois, USA) using the wirt circles at nine levels of disparity (800 to 40 seconds of arc). Stereoacuity testing was done through the optical correction at 40 cm.
Definitions
The definition of refractive errors was based on spherical equivalent of cycloplegic refraction. Myopia was defined as a spherical equivalent equal to or worse than −0.50 D and hyperopia as equal to or worse than +2.00 D. Amblyopia was defined as a visual acuity of 6/9 or worse or a difference of at least two lines of visual acuity between two eyes in the absence of ocular pathology.
Exclusion criteria
Exclusion criteria included a visual acuity worse than 6/9 in either eye, amblyopia, strabismus, stereopsis less than 400 arc seconds and history of ocular surgery.
Statistical analysis
Data analyses were done using STATA software (StataCorp, College Station, Texas, USA). AA was summarised as mean and 95 per cent confidence intervals (CIs). To calculate standard errors, the design effect of the cluster sampling method was estimated. To describe AA, minimum and maximum values with 25 to 99 per cent percentiles were calculated based on studied variables.
Given the different proportions of urban and rural samples, sampling weights were considered in the analyses and all point estimates were calculated by taking sample weights into account. Linear regression was used to assess the relationship between AA and other studied variables.
The protocol of this study was approved by the Ethics Committee of Shahroud University of Medical Sciences, which adheres to the principles of the Declaration of Helsinki. All parents signed informed consent forms for the participation of their children in the study and all schoolchildren were willing to participate.
RESULTS
For this study, 6,624 children were selected and 5,620 participated. Eventually, after applying the inclusion and exclusion criteria, 175 children were excluded and the final analyses were conducted on data from 5,444 schoolchildren. The mean age of the final sample was 9.24 AE1.71 years (from six to 12 years) and 53.6 per cent (n = 2,919) were boys.
The AA in fellow eyes was highly correlated (Pearson correlation = 0.871, p < 0.001), therefore, only results with right eye data are presented. Mean AA in the studied sample was 14.44 D (95 per cent CI: 14.33-14.55). As demonstrated in Table 1 , mean AA showed no statistically significant gender difference (p = 0.926), was significantly higher in urban children (p < 0.001) and significantly decreased with age (p < 0.001). Myopes had the highest AA measurements (p < 0.001). Also, the mean AA significantly decreased with increasing NPC (p < 0.001).
As seen in Table 1 , in all age groups, the mean measured AA was less than the predicted mean value calculated with the formula. Figure 1 illustrates the age trend of AA in the studied children compared to the mean and the minimum AA calculated based on Hofstetter's equation. As demonstrated, mean measured AA was significantly lower than calculated mean in all age groups. According to linear regression, the proposed equation for the present have pointed to a relative stability during this period. 20 In the study by Wold, 18 which included 125 children between the ages of five and eight years, AA did not show any significant changes in this age range. Interstudy inconsistencies appear to be mainly due to the difficulty of performing the push-up technique in children or children's inability to understand the exact meaning of sustained blur, which is the endpoint of this test. In a study conducted by Anderson and colleagues, 20 AA was assessed objectively in 140 individuals aged three to 40 years. According to their findings, AA showed no significant changes from three to 20 years, while a large decline was observed between the ages of 20 and 40 years. In terms of relative AA stability in younger ages, these findings are in agreement with ours and Wold's study, 18 and they are considerably different from the 0.3 D reduction per year of age suggested by Duane. 13 According to the findings of this study, there were significant differences between the mean measured AA and the calculated values using Hofstetter's equation for mean AA in all age groups, such that mean measured AA was significantly less than the mean equation-based AA. An interesting finding of this study, as demonstrated in Figure 1 , was that the measured AA values in all age groups were approximately somewhere between the calculated mean and minimum values, which shows that Hofstetter's equations are not applicable to this population. Although the validity of Hofstetter's equations for accurate AA estimations in children has been questioned on account of the very small sample of under 12-yearolds in the studies of Donders and Moore 12 and Duane 13 (Hofstetter's equation is based on data from these two studies) as well as the possibility of the relationship between age and AA being non-linear in younger ages, 17 no significant scientific evidence has been presented for or against it. Only two previous studies took an evidence-based approach to test the validity of Hofstetter's equations for AA estimates in children 17, 21 and although both studies pointed to limitations of Hofstetter's equations, they reported inconsistent results. In the study by Ovenseri-Ogbomo and colleagues 21 mean measured AA was significantly higher than calculated AA, while according to Sterner, Gellerstedt and Sjöström, 17 whose results were in agreement with ours, mean measured AA was significantly lower than the mean calculated AA.
As AA measurement protocols were similar in terms of methods (the push-up method), tools and accommodative target, the different findings in these two studies cannot be attributed to measurement differences. Although factors such as differences in race, nutrition, climate and education can be the possible causes of such interstudy differences, 22 we believe the results of the two previous studies should be judged and compared with caution in light of the small samples and the lack of random sampling. The findings of the present study, which rely on a large sample and population-based sampling, showed the limitation of Hofstetter's equation for accurate AA estimates in children. This is important from two aspects. First, it affects the clinical interpretation of AA in children. According to the findings of this study, relying on these relationships and the derived diagnostic guidelines can lead to the false positive diagnosis of AI in children, which in turn will lead to the wrong clinical decision and treatment approach. Second, it affects the reported prevalence of AI. 2 We reviewed the literature for the prevalence of AI and its diagnostic criteria in children and results are summarised in Table 2 . As demonstrated in Table 2 , the prevalence of AI in different studies ranges widely between two and 61.7 per cent. The interesting point is that the greater the number of diagnostic criteria, the lower the AI prevalence. Also, studies that used Hofstetter's formula as the only criterion for the diagnosis of AI have arrived at significantly high rates. Although several factors such as inconsistent methods and examination methods can play a significant role in creating these differences, we believe the main origin of these differences is the AI diagnostic criteria and using Hofstetter's formula for the interpretation of AA in children which leads to overestimated rates of AI prevalence. Therefore, using Hofstetter's equation for the clinical interpretation of AA and in epidemiological studies of accommodative anomalies in children should be done with caution. In this regard, there is need for populationbased studies with large samples in It should be noted that with respect to the measuring method used in this study, the reported AA values may not be the true values. The push-up method is a subjective technique and measurements greatly depend on patients' comprehension of the testing method and their expected responses, as well as the examiner's error in measuring the distance at sustained blur; these issues can give rise to significant errors in AA estimates. 23 Depth of field is another factor that affects measurements with the push-up method and relative distance magnification can also lead to overestimated AA with this technique. 24 Nonetheless, since the push-up method is conventionally used in clinical practice for measuring the AA and the interpretation of accommodative performance, the values reported in this study can serve as a good guide for the clinical interpretation of accommodative performance and the diagnosis of AI.
This study revealed significant differences in AA values of the three groups of refractive errors; mean AA was significantly higher in myopic compared to hyperopic and emmetropic children. This observation was reported by Fledelius 25 as well but no explanation was given and only high AA was suggested as a possible mechanism for environmental myopia. McBrien and Millodot 26 also reported higher AA values in myopic cases, especially those with lateonset myopia, compared to hyperopic and emmetropic individuals, and they have attributed this to differences in the autonomic nervous system control of accommodation.
According 26 in a large sample. Another possible explanation for the higher amplitude of accommodation measured in children with myopia is blur adaptation. Myopes normally have reduced sensitivity to blur in comparison to hyperopes and emmetropes. 28 According to Rosenfield, Hong and George, 29 myopes have increased blur thresholds. This blur adaptation can be associated with reporting of sustained blur at closer distances during push-up testing and higher estimated AAs.
Also the possibility of underestimation of AA due to the latent hyperopia should be considered in interpreting the association of AA with refractive error.
The relationship between refractive errors and AA is important from the point of view that it suggests refractive error as a contributing factor in the distribution of AA in the population. Thus, a potential factor causing differences between our measured and calculated AA values based on Hofstetter's equation can be the difference in the prevalence of refractive errors between our population study and the samples in Danders' and Duane's studies. This topic also requires further AA studies in diverse ethnic groups.
The results of this study also showed an inverse correlation between AA and NPC. To explain this relationship, it should be noted that NPC represents gross convergence, which entails four main components of fusional, accommodative, proximal and tonic convergence. 30 Reduced AA was subsequently associated with reduced accommodative convergence, which leads to a decrease in gross convergence and thus, an increase in NPC. 30 One of our interesting findings was the significant difference between urban and rural children; although the difference (0.63 D) is not clinically important, it seems that nutritional factors and even the increased near visual activities can be the reason for higher AA in urban children; however, we believe more evidence is needed to prove such hypotheses and further studies into this subject are suggested.
CONCLUSION
The present study is the first to describe the distribution of amplitude of accommodation in a six-to 12-year-old Iranian population. The amplitude of accommodation was highest in myopes and lowest in emmetropic children and as we expected, the amplitude of accommodation reduced with age. Measured AA values were considerably lower in all age groups compared with those calculated with Hofstetter's equation.
